Coordinated proliferation of lung cells is required for normal lung growth and differentiation.
Few studies have examined normal patterns of cell proliferation in developing lung.
Adamson et al found that total cell proliferation declined during fetal rat lung gestation (3) . The relative rate of epithelial proliferation decreased during the latter stages of gestation, whereas endothelial cell proliferation increased during this time. Differentiation of type II alveolar epithelial cells to type I alveolar epithelial cells was associated with decreased epithelial cell proliferation. The regulation of cell proliferation in lung development is largely unknown, but mice lacking corticotropin-releasing hormone have increased epithelial cell proliferation compared to wild type, suggesting a role for endogenous glucocorticoids in mediating the normal gestational decrease in cell proliferation (26).
Increased cell proliferation, particularly alveolar type II epithelial cells, is characteristic of several acute and chronic pulmonary injuries. For example, adult primates treated with 100% oxygen and ventilation for 96 hrs had an increased number of type II cells (30) . Similarly, type II cells increased in adult animals of several species exposed to 100% oxygen and allowed to recover in air for 7 days (34) . Adult baboons exposed to 60% oxygen for 14 days had increased type II cell numbers, which decreased during recovery in air (17). Adult humans with fibrotic lung disease often have increased cuboidal epithelial cells in the distal airspaces (21). These studies suggest that increased type II cells may be central to repair of the alveolar epithelium after injury from agents such as oxidant gases (18). The mechanisms of increased distal cuboidal epithelial cells in chronic lung injuries have not been defined.
Less is known about proliferation of distal airspace epithelial cells in developing lung subject to acute or chronic injury. Newborn mice exposed to 100% oxygen for 7 days had increased type II cells (7). A transient increase in overall cell proliferation was noted in newborn mice exposed to 85% oxygen for 28 days (37) . Premature primates treated with ventilation and 80-100% oxygen had increased volume density of type II cells (13) . Some premature human infants with BPD had increased cuboidal epithelial cells in distal saccules (10) . Proliferation of type II cells as a mechanism of increased type II cell number in injured fetal lung has not been examined.
In developing lung, alterations in proliferation or phenotype of the distal airspace epithelium may affect lung development. The decreased alveolarization found in newborn mice treated with 85% oxygen and in patients with BPD may be related to altered epithelial cell proliferation (10, 37) . Other defects in lung development may result from an abnormal distal epithelial cell phenotye. For example, fetal distal airspace epithelial cells express vascular endothelial growth factor (VEGF) (5, 39) . Type II cell expression of VEGF may be influenced by cell proliferation or other phenotypic changes (24, 25). Human infants dying with BPD had decreased VEGF and disrupted microvascular development (6) . Abnormal development of the alveolar vasculature is also characteristic of chronic lung injury in premature baboons (6, 14) .
Thus, injury-induced alterations in distal epithelial cell proliferation may affect multiple components of lung development.
The present study investigated cell proliferation in extremely premature baboons that developed chronic lung disease after treatment with oxygen and ventilation for up to 21 days.
Compared to gestational controls, these animals had increased overall cell proliferation and increased numbers of epithelial cells that expressed proSP-B. Epithelial cell proliferation was increased at 6 and 14 days of treatment but declined by 21 days. These data suggest that development of chronic lung disease in premature fetal primates results in altered patterns of distal airspace epithelial cell proliferation, cell number and phenotype, which may contribute to disruption of lung structure and function. Table I . To study effects of oxygen and ventilation, some 125 day gestation animals were intubated, given exogenous surfactant (Survanta, 4 ml/kg, Abbott Laboratories), and maintained with ventilator support and oxygen to achieve normal blood gases for 6, 14 or 21 days (PRN group). Details of ventilatory management and pulmonary function data in this model have been reported (14, 38) . Ventilator settings for the animals used in this study are summarized in Table I . The 6 day and 14 day PRN animals received only parenteral nutrition (Trophamine, Braun Medical), whereas the 21 day PRN animals were started on enteral feedings at 7 days of age (Similac, Abbot Laboratories). The 140 day and 146 day gestation animals were controls for the 14 day and 21 day PRN animals, respectively. All animals were treated with antibiotics and none had overt signs of infection. At the time of necropsy, the right lower lobe was removed and fixed with intrabronchial phosphate-buffered 4% paraformaldehyde at 20 cm H 2 O pressure for 24 hours.
METHODS

Animals
As detailed by Coalson et al (14) , the lobe was cut into three serial, equally spaced horizontal sections, which were embedded in paraffin and cut into 4 µm sections. Separate lung sections from each animal were evaluated for histone H3 or SP-C by in situ hybridization, Ki67 by single immunohistochemistry and both Ki67 and proSP-B by dual fluorescent immunohistochemistry as detailed below.
In situ hybridization. For histone H3, sense and antisense 33 P riboprobes were synthesized using a 553 bp mouse histone H3 cDNA template (28). The SP-C cDNA was obtained from Jeffery Whitsett (University of Cincinnati). In situ hybridizations were performed as described previously (25), with the following modifications. Sections were prehybridized for 3 hr and hybridized for 16 hr at 53 o C. After rinses in 2X saline sodium citrate (SSC) and digestion with RNAse A, the sections were rinsed in 2X SSC again and then in 0.1X SSC for 30 min at 64 o C.
The slides were dipped in a 1:1 dilution of NTB-2 emulsion (Eastman Kodak, Rochester, NY), and exposed for 4 days before developing. After removal of paraffin, the lung sections were rehydrated through graded ethanol washes, and rinsed in deionized water. When peroxidase detection was used, slides were treated with 1.5% hydrogen peroxide in methanol and rinsed in water. 
Immunohistochemistry (IHC
RESULTS
Ki67 immunostaining decreases in baboon lung development
Ki67 is a nuclear protein that is expressed in all active phases of the cell cycle (G 1 , S, G 2 and M), but not in G 0 (32) . Although its function is not known, Ki67 expression is required for cell proliferation. Because it has a relatively short half-life (90 min), it marks proliferating cells rather than cells that have just left the cell cycle. Ki67 is not expressed during DNA repair (20), an important consideration because oxidants may lead to DNA damage and unscheduled DNA synthesis (27). Immunostaining for Ki67 in fetal baboon lung at 125 days gestation showed a substantial number of nuclei that contained this protein (Fig 1A, arrow) . The immunostained nuclei were found in a broad range of cell types, including distal airspace epithelial cells, interstitial mesenchymal cells, airway epithelial cells and smooth muscle cells. However, between 125 days gestation and 175 days gestation (term=185 days), the number of immunostained nuclei appeared to decrease (Fig 1B-D) . No distinctive cell pattern in the decrease in Ki67 immunostaining was noted. Overall, these data suggest a decline in the rate of cell proliferation during this stage of lung development.
Ki67 immunostaining increases in CLD animals
Fetal baboons delivered at 125 days gestation were treated with surfactant and maintained on supplemental oxygen and ventilation for either 6 days or 14 days to achieve normal blood gases. The lung morphology after both 6 days and 14 days was abnormal. The PRN animals treated for 6 days had abundant inflammatory cells in distal airspaces (Fig 2 A) .
Both time points had atelectatic regions and simplified distal airspace saccules (Fig 2 A and B) .
Some lung areas, however, appeared relatively normal (not shown). Compared to the 140 day gestational controls (Fig 1 B) , the PRN animals treated for 14 days (Fig 2 B) had hyperexpanded distal saccules that lacked secondary crests. Both PRN groups had an increased number of nuclei that immunostained for Ki67, compared to gestational controls. Although immunostained nuclei in interstitial mesenchymal cells were prominent, substantial numbers of distal airspace epithelial cells had nuclei with Ki67 (Fig 2 A and B, arrows) . These findings were somewhat heterogeneous and some regions in both PRN groups had relatively few proliferating cells (not shown). These data indicate that high rates of cell proliferation are maintained in many areas of CLD lung and that distal saccule epithelial cells may have a particularly high rate of proliferation.
Expression of histone H3 in lung development and CLD
To corroborate our observations on Ki67 expression, we performed in situ hybridization for histone H3, another proliferation marker. Histone H3 mRNA expression begins in late G 1 , increases 20-100 fold in S-phase and is rapidly degraded at the end of S-phase (19, 22). Similar to Ki67, histone H3 is not expressed in DNA repair. Histone H3 in situ hybridization showed decreased expression of this marker between 125 days and 140 days gestation (Fig 3 A and B) , which continued until at least 175 days gestation (not shown). In both PRN groups, some areas of lung had histone H3 expression that appeared greater than in the gestational controls ( 
Cell-specific proliferation in lung development
To quantify changes in cell proliferation and identify proliferating epithelial cells, we used DAPI to mark all cell nuclei combined with double immunofluorescence for Ki67 and proSP-B.
DAPI gives a blue color (Fig 4 A, yellow arrow) ; Ki67 (Texas Red) gives a magenta color when combined with DAPI (Fig 4 A, dashed arrow) ; and proSP-B (FITC) gives a green color (Fig 4 B, solid arrow). The orange color is autofluorescense of red blood cells. Between 125 days gestation and 175 days gestation, the proportion of cell nuclei that express Ki67 appeared to decrease and the proportion of cells that stain for proSP-B appeared to increase (Fig 4 A-D) .
The staining intensity for proSP-B in individual cells also increased. Quantifying these data by image analysis (Fig 5 A) showed that the proportion of Ki67-positive nuclei decreased from 5.2 ± 0.5 % of total nuclei at 125 days gestation to 0.17 ± .01 % at 175 days gestation (p<.05). The proportion of total peripheral lung cells that expressed proSP-B increased 2 fold between 125 days and 175 days gestation (p<.05 ; Fig 5 B) . These data suggest decreased cell proliferation and accumulation of proSP-B expressing cells during this stage of lung development.
Altered patterns of cell proliferation in CLD
Immunofluorescent staining for Ki67 and proSP-B in lung sections counterstained with DAPI was performed on the PRN animals treated for 6, 14 and 21 days (Fig 6 A -C) . All three PRN groups had apparently increased cells immunostained for Ki67 (dashed arrow), particularly in comparison to the 140 day and 146 day gestational controls (Fig 4 B and C) . Lungs from the three PRN groups also had apparently increased cells that were proSP-B positive (yellow arrows). The 6 day and 14 day PRN animals had increased cells that immunostained for both Ki67 and proSP-B (solid arrows). Some of the proSP-B positive cells were probably in collapsed distal airspaces. By 21 days treatment, the number of Ki67 cells remained high, but these were less likely to be proSP-B positive.
Quantifying these images showed that the proportion total cells that were proliferating remained elevated in the PRN groups while these cells decreased in the gestational controls (Fig 7 A) . In the 14d PRN and 21d PRN groups the proportion of KI67 expressing cells were 2.5 fold and 8.5 fold greater than in the 140 day and 146 day gestational controls, respectively. The proportion of cells that were immunostained for proSP-B increased in the PRN animals more rapidly than in the gestational controls (Fig 7 B) . The 14 day and 21 day PRN animals had 2.5 and 2.3 fold increases in the proportion of proSP-B expressing cells compared to the 140 day and 146 day gestational controls. The proportion of all cells that were proliferating SP-B positive cells increased dramatically in the CLD groups at 6 days and 14 days treatment (Fig 7   C) , but declined by 21 days. The pattern of non-proSP-B positive cell proliferation also changed in CLD (Fig 7 D) . The proportion of all cells that were proliferating but did not express proSP-B decreased in the CLD groups at 6 and 14 days, parallel to the gestational controls. At 21 days, however, these cells were ~7 fold more abundant than in the 146 day gestational controls.
Although these cells were not specifically identified, inspection of the immunostained sections suggested that they were interstitial (Fig 6 C) .
In the PRN groups, the proportion of Ki67 positive cells that immunostained for proSp-B was significantly increased to greater than 40% after 14 days of oxygen and ventilation.
However, this proportion decreased sharply by 21 days treatment (Fig 8 A) . These data suggest rapid but transient proliferation of proSP-B positive cells during the first 2 weeks in the development of CLD. Similarly, an increased proportion of proSP-B positive cells (~13%) were Ki67 positive in the PRN animals at 6 and 14 days treatment, which declined at 21 days (Fig 8   B) . Together, these data suggest that CLD is associated with increased cell proliferation that was sustained for at least 21 days. However, the pattern of cell proliferation changed.
Proliferation of proSP-B positive cells occurred during the first 2 weeks, but declined by the third week when the proportion of proliferating non-proSP-B cells increased.
In fetal baboon lung, both bronchiolar epithelial cells and terminal airspace epithelial cells, probably type II cells, can express SP-B (12). To determine if type II cells were increased
in the distal epithelium, we performed in situ hybridization for SP-C (Fig 9) . In 140 day gestational controls, scattered cells in the distal airspace epithelium expressed SP-C message (Fig 9 A, arrow) . In many regions of the 14d PRN lung, however, abundant SP-C expressing type II cells were noted (Fig 9 B) , particularly in distal airspaces close to large airways or blood vessels. These data suggest that some of the proSP-B expressing cells in the distal epithelium were type II cells. Relatively few studies have examined patterns of cell proliferation in chronic lung injury.
DISCUSSION
In adults, several injuries, such as oxidants and silica, can damage the alveolar epithelium and endothelium (15, 29) . Repair of the damaged epithelium during recovery from acute lung injuries is important to re-establish normal alveolar architecture (33 Less is known about cell proliferation in damaged developing lung, which may have a high basal rate of proliferation. In neonatal rats exposed to 85% oxygen for 28 days, Warner et al found an initial decrease in overall proliferation during the first 10 days exposure, followed by a transient increase at 14 days that returned to control values at 28 days (37) . Individual cell populations were not identified. An increase in type II cells was noted in neonatal rats exposed to 100% oxygen for 7 days (7). Very few studies have examined effects of injury in fetal lung.
Coalson et al studied baboons delivered at 140 days (75% of term) that were treated with >80% oxygen and ventilation for 21 days (13) . Morphometric analysis indicated that type II cells were increased in study animals, particularly in areas of hyper-expansion. Increased SP-B and SP-C messages were found in baboons delivered at 140 days gestation and treated with 100% oxygen and ventilation, particularly in peribronchiolar alveoli (11) .
The animals used in the present investigation were very premature (125 days gestation corresponds to 26 weeks in the human) and were treated only with sufficient oxygen (range baboons that were delivered at 125 days gestation and maintained on supplemental oxygen and mechanical ventilation to achieve appropriate blood gases for 6 days (A) or 14 days (B).
Compared to the gestational controls (Fig 1) , the CLD animals had an increased number of cell nuclei that contained Ki67. Some distal airspace saccules were relative large and lined with epithelial cells that were Ki67 positive cells (arrows). (Bar = 100 µm.) 
